The level of nucleotide sequence conservation between the RNAs of type A and type O foot-and-mouth disease virus (FMDV) has been compared by three methods. (I) RNA hybridization of fragments containing either the poly(C) tract at the 5' end of the RNA or the poly(A) tract at the 3' end of the RNA indicates that there is a similar level of sequence conservation (65~ homology) across the genome. RNase T1 fingerprinting of these fragments did not show the presence of any long regions of completely conserved nucleotides apart from the poly(C) and the poly(A) tracts. (2) RNase T 1 fingerprints of the RNA on the 5' side of the poly(C) tract (the S fragment) show that there is more conservation in this region of the RNA than indicated by the hybridization results. (3) Direct nucleotide sequencing of the poly(C) tract and of the 54 nucleotides at the 5' end of the two genomes shows that there is considerable sequence conservation at the extreme 5' end of the RNA.
INTRODUCTION
There are seven serotypes of foot-and-mouth disease virus (FMDV), the European serotypes A, O and C, the South African Territories serotypes SATI, SAT2 and SAT3 and the Asia 1 serotype. Within these serotypes there are a number of antigenically distinct subtypes (Pereira, 1977) . A comparative analysis of the virus-induced proteins of two type A viruses and a type O virus by tryptic peptide mapping and limited proteolysis has indicated that there is less conservation of amino acid sequence in the structural proteins than in the non-structural proteins (Robson et al. I98O) . RNA homology tests with these viruses gave values in agreement with those determined previously between the RNAs of serotypes and subtypes of FMDV; that is, there was about 65~o homology between the RNAs of the type A and type O viruses but greater than 8o9/0 between the two type A viruses (Robson et al. 1977, 198o) . Ribonuclease T1 mapping of the RNAs, however, failed to reveal any long regions of conserved sequence apart from the poly(A) at the 3' end of the RNA (Chatterjee et al. 1976; Newman & Brown, I976) and the poly(C) near the 5' end of the RNA (Harris & Brown, I976; Rowlands et al. I978 ) .
In this paper the RNAs from the type O virus and one of the type A viruses used in the previous study (Robson et al. 198o ) have been compared in more detail by RNA hybridization and RNase T1 mapping, to see whether there are any regions of the genome that are more conserved in sequence than others. This has been done by studying 5' and 3' fragments of RNA containing either the poly(C) or poly(A) tracts after their selection by oligo(dG)-or oligo(dT)-cellulose chromatography respectively. In addition, the S fragment, which consists of RNA to the 5' side of the poly(C) tract, including the proteinlinked 5' terminus (Sangar et al. I977) , has been produced by RNase H digestion (Rowlands et al. 1978; Black et al. 1979) , and sequence conservation in this region compared by RNase T~ mapping and nucleotide sequencing. The nucleotide sequences at both ends of the poly(C) tracts have also been compared.
METHODS
Preparation and purification of virus. FMDV type Ato (Argentina, 196[, A6[) and type O 6 (O-V 0 were grown in monolayers of IOs BHK cells in Roux bottles. To prepare virus containing undegraded RNA, cells were infected at high multiplicity and virus collected 3 to 4 h later (Denoya et al. 1978; Rowlands et al. I978) . Radioactive labelling was accomplished with 3H-cytidine, ZH-uridine or 32P-orthophosphate (Radiochemical Centre, Amersham) added t'5 h after infection (Harris & Brown, I977 )-To prepare virus containing partially degraded RNA (for use in the fragment hybridization and fingerprinting experiments) monolayers were infected at low multiplicity, labelled with ZH-uridine or 3~p-orthophosphate 4 h later, and virus collected after a further [2 h (Sangar et al. I98o) . Viruses were purified from cell supernatants by (NH4)2SO4 precipitation, pelleting and sucrose gradient centrifugation (Harris et al. I977) .
Purification of virus RNA. RNA was obtained from virus by direct phenol-chloroform extraction of the sucrose gradient fractions after dilution with TNE buffer (o'I 4 M-NaC1, o.o2 M-tris-HCl, o'0o5 M-EDTA, pH 7"6) containing o'5~ SDS, The RNA was purified further by centrifugation on 5 to 25~ sucrose gradients in TNE-SDS. Undegraded RNA sedimenting at 35S or fragments of RNA sedimenting between 4S and 35 S were pooled and concentrated by ethanol precipitation at -2o °C overnight.
Affinity chromatography of RNA fragments. Polyadenylated fragments were isolated by chromatography on Ioo mg columns of oligo(dT)-cellulose (Collaborative Research, Waltham, Mass., U.S.A.; T3). Fragments containing poly(C) were selected from the RNA which did not bind to oligo(dT)-cellulose, by chromatography on too mg columns of oligo(dG)-cetlulose (Collaborative Research; Ts). The columns were run and monitored as described (Harris & Wildy, I975) and the bound RNA eluted with o.oI ~-tris-HC1, pH 7"6, containing o'r~o SDS. Fragments were then separated into five size classes by sucrose gradient centrifugation and precipitated with ethanol at -2o °C overnight in the presence of carrier E. coli tRNA (50/tg, BDH, Poole, Dorset).
RNA hybridization. Competition hybridization was done in 5o~ formamide, 5 x SSC (i ×SSC is o'15 M-NaC1, o'oi5 M-sodium citrate) at 5o°C in duplicate as described previously (Harris & Brown, I977) , using dsRNA from infected cells as the source of negative strands. Fragments of RNA from each size class were labelled with 3H-uridine and selected by affinity chromatography to contain either the poly(A) or poly(C) tract (see above). These were hybridized to denatured dsRNA in the presence of increasing amounts of unlabelled poly(A)-or poly(C)-containing RNA fragments from the same size class, prepared from the homologous or heterologous virus. The competition between RNAs was obtained from the radioactivity remaining ribonuclease resistant and the level of homology assessed from double-reciprocal plots of the data (Robson et al. I977) .
Ribonuclease 7"1 fingerprinting. RNA was dissolved in tO//l of o.oI M-tris-HC1, o'ooi M-EDTA, pH 7"4, and incubated for I h at 37 °C with RNase Tt (Sankyo, Calbiochem, San Diego, Calif., U.S.A.) using I unit of RNase Ta for zo/zg RNA. The oligonucleotides resistant to the enzyme were separated by two-dimensional gel electrophoresis (De Wachter & Fiefs, r 972; Frisby et al. 1976 ) using the gel dimensions and running conditions described 
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by Harris & Brown 0976) . Fingerprints were obtained by exposing the gels to preflashed Fuji RX film at 4 °C, using Dupont Hi-plus intensifying screens. Preparation and labelling of the S fragment. Virus RNA was digested with RNase H in the presence of oligo(dG)~2_j8 and the S fragment purified by SDS-gel electrophoresis as described by Harris (i 979) . After elution from the gels, the S fragment was digested with RNase T1, the oligonucleotides labelled at the 5' end with 3zp using polynucleotide kinase and separated by two-dimensional gel electrophoresis (Harris, 1979) . RNase A analysis of RNase T1 oligonucleotides prepared from S fragments labelled in vivo with z.,p was done as described previously (Harris, I979) . S fragment was also prepared from virusspecified ssRNA extracted from infected cells and was purified and labelled as described by Harris U979).
Preparation ofpoly(C) tracts. Virus RNA was digested with RNase T1 as above and the poly(C) tract separated from most of the other RNase T~ oligonucleotides by Sephadex G25 gel filtration (25 × 0.6 cm column run in TNE buffer). Following 5' end labelling using polynucleotide kinase or 3' end labelling with 3ZpCp using RNA ligase, the labelled tracts were purified by ~2-5% gel electrophoresis in 6 M-urea, o-I M-tris-borate, 0-002 M-EDTA, pH 8"3 (Porter et al. I974) .
RNA sequencing. RNA was eluted from gels in the presence of 25 Izg E. eoli tRNA and sequenced by the partial enzyme digestion procedure of Donis-Keller et al. (1977) as described by Harris 0979).
RESULTS

Competition hybridization of defined RNA fragments
Fragments of RNA from FMDV of type A and type O serotypes were prepared and molecules containing poly(A) isolated by affinity chromatography. These were separated into five size classes by sucrose gradient centrifugation. The profile obtained for the fragments of A6I virus RNA is shown in Fig. I , and the RNA size classes which were pooled (Table t) . RNA fragments containing the poly(C) tract, selected by oligo(dG)-cellulose chromatography, were also used for hybridization studies. RNA was fractionated by sucrose gradient centrifugation into five size classes, as before, and RNA from each size class assayed by competition hybridization using both A6I and O-VI dsRNA. Table [ shows that homologies of about 66~ were obtained between O-VI and A61 RNAs regardless of the size class of the poly(C)-containing RNA studied, i.e. the same result was obtained as for the poly(A) fragments.
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Oligonucleotide fingerprint#lg of RNA fragments
The hybridization results suggested that no particular region of the RNA was highly conserved between the two serotypes. Since the hybridization method is probably not sensitive enough to detect short regions of conserved sequence, 3"°P-labelled RNAs of each serotype were compared by RNase T1 oligonucleotide mapping.
The labelled RNAs were fragmented and molecules of different sizes containing either the poly(C) or the poly(A) isolated as before. RNAs fiom each size class were then digested with RNase T1 and the oligonucleotides separated by two-dimensional gel electrophoresis. Fig. 2 shows the fingerprints obtained for A6I RNA fragments selected for the presence of either poly(A) (Fig. 2a) or poly(C) (Fig. 2b) . The fingerprints of the shortest RNAs (fractions E) are considerably less complex than those of the longest RNAs (fractions A), indicating that some selection of sequences had been obtained by the affinity chromatography steps. This was also clear from the fact that the poly(A) is in all the fingerprints of RNA selected for its presence [ Fig. 2a (A to E) ] but only in the fingerprint of full length RNA in fragments selected for poly(C) (Fig. 2b) . Nucleotide sequences in FMD V serotypes 407
Ordering of RNase Ta oligonucleotides
The fact that the poly(A) and poty(C) tracts lie at opposite ends of the RNA means that the long RNase T1 oligonucleotides, identified by fingerprinting, can be ordered on the genome. This ordering can be determined by examining the fingerprints of each size class of RNA, selected for either the 5' or 3' end by affinity chromatography, for the absence or reduced intensity of particular oligonucleotides. Fig. 3(a) is a tracing of the fingerprint of A6I RNA showing the oligonucleotides numbered in the fingerprint and the order of those oligonucleotides on the genome. The order was obtained by examination of several fragment fingerprints similar to those shown in Fig. z. Fig. 3 (b) is a tracing of the O-VI RNA fingerprint showing the order of these oligonucleotides obtained by similar extensive fragment mapping experiments (Robson, I979) .
The two-dimensional gels separate oligonucleotides on the basis of their size and charge (i.e. base composition) so it is possible to compare the position of the longer oligonucleotides of A6I and O-Vt RNA in the fingerprints with their genome locations. If there are long oligonucleotides in the same area of the two fingerprints derived from a similar genome location, then this would indicate that they are probably related and provide more information about the relatedness of the two RNAs in particular regions of the genome. Furthermore, the simpler fingerprints obtained for the shorter 3' or 5' specific fragments enable the smaller oligonucleotides, not resolved in the fingerprints of full length RNA, to be compared. Fig. 3 shows that apart from the poly(A) and the poly(C) tracts, few of the long T 1 oligonucleotides of the RNAs seem to correspond in both map location and position in the fingerprint, suggesting that there are no other long completely conserved regions in the RNAs. This is most readily appreciated by comparing oligonucleotides near the 3' or 5' ends, as these are present in the smallest size classes of selected fragments and are, therefore, present in the least complex fingerprints (e.g. Fig. za, b ; fractions E). This makes them the easiest oligonucleotides to map accurately. With the possible exception of oligonucleotide z9, none of the longer terminal oligonucleotides seems to be in the same position in the fingerprints.
Comparison ofT1 oligonucleotides in the S fragments S fragments prepared from O-VI and A6I RNA by RNase H treatment (Rowlands et aL r978 ) were digested with RNase Tx and the oligonucleotides labelled at their 5' ends with 32p using polynucleotide kinase and analysed by two-dimensional gel electrophoresis (Fig. 4) . The A6I, S fingerprint (Fig. 4 a) is identical with that obtained previously (Harris, r979 ) and is included for comparison. The number of RNase T 1 oligonucleotides obtained from the S fragments of A6I and O-¥I RNA is similar, providing additional evidence that the S fragments are of the same size (Black et al. I979) . Although the distribution of the smaller RNase T~ oligonucleotides is similar, most of the long oligonucleotides are in a different position in the two fingerprints. However, by comparing the intensities and gel positions of the oligonucleotides, it is clear that (i) there are some oligonucleotides in the same places in the fingerprints, and (ii) other oligonucleotides are probably related. This is in contrast to the conclusion drawn from earlier more preliminary data (Harris, I979) . A detailed comparison of the longer oligonucleotides is presented in Table z 
. Good examples of (i) are provided by A-$4/O-$3, A-S t I/O-S I I, A-S I 2/O-S I z and A-S 18/O-S 18
and of (ii) by A-$5,6,7/O-$5,6,7, these three oligonucleotides being related and derived from the heterogeneous 3' end of the S fragment (Harris, I979) . The most striking difference between the two fingerprints is in the size and position of the longest oligonucleotides. However, a comparison of the sequences of these oligonucleotides in each S Table 2 ). O marks the origin of the gels; X and B show the positions of the marker dyes. 
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Correlation and sequence of the long RNase T~ oligonucleotides in A61 and O-VI S fragments
A61 oligonucleotides
* A6I sequences taken from Harris 0979); the underlined nucleotides were originally designated as U residues but further sequencing has shown them to be C residues (see also at the 5' end of O-VI R N A with that previously determined for A6I RNA. There are two nucleotide changes (positions 13 and 34) in the first 38 nucleotides, followed by three or four non-conserved nucleotides, before a further I I conserved nucleotides. This makes a total of 6 nucleotides different in the first 54 nucleotides (I in 9).
The 3' and 5' ends of the poly(C) tract
In contrast to the S fragment, the poly(C) tract in each RNA, isolated as the longest oligonucleotide resistant to RNase T1 (Brown et al. t974) , is much more amenable to sequence analysis as it is both shorter and has unique termini, both of which can be labelled. The poly(C) tracts were isolated from complete RNase T~ digests of the RNAs by gel filtration and either 5' end-labelled using polynucleotide kinase or labelled at the 3' end with 32pCp using R N A ligase after phosphatase treatment. The RNAs were then subjected to partial enzyme digestion. Fig. 6 shows autoradiographs of the sequencing gels and the sequence obtained is shown in Table 4 . Nucleotides other than C were found at both ends of the poly(C) tract rather than just at the 5' end as originally described (Black et al. I979) . Furthermore, those at the 3' end are completely conserved and apart from a G~ A transition those that can be compared at the 5' end are also conserved. The poly(C) in encephalomyocarditis virus RNA, for example, has been shown to be predominantly single-stranded (Goodchild et al. I975) ; this may also apply to FMDV RNA. The exact length of the poly(C) tract was not determined from the sequencing gels, but the results are consistent with it being about I5O nucleotides in each RNA (Brown et al. t974; Black et al. I979 ).
DISCUSSION
Competition hybridization has shown that the RNAs of O-VI and A6I FMDV are about 65~ homologous (Robson et al. I977) . The degree of mismatch tolerated by the hybridization conditions has not been determined and it is possible that there are regions of the genomes that are more conserved than others. The fragment hybridization data and the fingerprints (Table 1 ; Fig. 2 ) suggest that there are no long completely conserved regions in the RNAs apart from the two homopolymeric regions-poly(A) and poly(C). However, the fingerprints of the S fragments ( Fig. 4; Table 2 ) show that the 5' ends of the two RNAs are more related than the fragment fingerprints suggested. This conclusion is amply borne out by direct sequencing of the 5' end of the RNAs and of the poly(C) tracts. These sequencing results show that the extreme 5' end is more conserved than other areas; for example, there is about 9O~o homology in the first 5o nucleotides at the 5' end compared to 75~o in 38 nucleotides at the 3' end (Porter et al. I978) . At present, it is not possible to say whether the rest of the genome is less conserved than the two ends and the poly(C) tract. The fact that the same overall homology was found in both the 3' and 5' fragments of the RNAs (Table I) suggests that the RNA coding for the structural polypeptides is not any less conserved than that coding for the non-structural polypeptides, despite the fact that the tryptic peptides of the non-structural proteins appear to be more conserved than those of the structural polypeptides (Robson et al. 198o ) .
The apparent discrepancy between the tryptic peptide mapping data and the RNA homology tests clearly requires further investigation. In work with other picornaviruses, (~umakov et aL (I979) found by electron microscopy that there were discrete regions of homology and non-homology in heteroduplexes formed between the RNAs of serotypes 1 and 3 of poliovirus which they considered might correspond to the regions of the genome coding for non-structural and structural proteins respectively. This conclusion would concur with the tryptic peptide mapping data obtained for the FMDV-induced proteins (Robson et al. I98o) . However, Young (I973) was unable to detect long homologous regions in poliovirus RNAs by sizing ribonuclease-resistant segments of RNA heteroduplexes. This latter result is more in accordance with the hybridization and RNase T1 results obtained here with FMDV RNAs. It may be that the discrepancy between the two heteroduplexing studies with poliovirus RNAs can be explained by differences in the stringency of the hybridization reactions (see t~umakov et aL I979).
A more detailed comparison of the nucleotide sequence at the 5' end of the RNAs reveals some interesting features. The nucleotides involved in the putative 5' secondary structure loop in A61 RNA (Harris, ~979) are all present in the O-VI RNA sequence, indicating that a loop could also be present in this RNA. However, the AUG in A61 RNA occurring at nucleotides 33 to 35, 4 to 6 nucleotides after the loop, which may be an initiation site, does not appear to have been conserved in O-V1 RNA. Unfortunately, the differentiation of a C or U residue at position 34 relies entirely on the use of pyrimidinespecific enzymes which are less reliable, being more affected by neighbouring nucleotides than the purine-specific enzymes. It is possible, therefore, that the ACG in O-V1 RNA is actually an AUG, although further work comparing the sequence at the 5' end of RNAs from other serotypes of FMDV has recently shown that this putative initiation site is not a conserved feature (T. J. R. Harris, unpublished results).
